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Listeria monocytogenes is a gram-positive food-borne pathogen that is notably resistant to osmotic stress and
can grow at refrigerator temperatures. These two characteristics make it an insidious threat to public health.
Like several other organisms, L. monocytogenes accumulates glycine betaine, a ubiquitous and effective
osmolyte, intracellularly when grown under osmotic stress. However, it also accumulates glycine betaine when
grown under chill stress at refrigerator temperatures. Exogenously added glycine betaine enhances the growth
rate of stressed but not unstressed cells, i.e., it confers both osmotolerance and cryotolerance. Both
salt-stimulated and cold-stimulated accumulation of glycine betaine occur by transport from the medium
rather than by biosynthesis. Direct measurement of glycine betaine uptake shows that cells transport betaine
200-fold faster at high salt concentration (4% NaCl) than without added salt and 15-fold faster at 7 than at
30°C. The kinetics of glycine betaine transport suggest that the two transport systems are indistinguishable in
terms of affinity for betaine and may be the same. Hyperosmotic shock and cold shock experiments suggest the
transport system(s) to be constitutive; activation was not blocked by chloramphenicol. A cold-activated
transport system is a novel observation and has intriguing implications concerning the physical state of the cell

membrane at low temperature.

Listeria monocytogenes is an opportunistic pathogen that
infects primarily pregnant women, the very old or very young,
and immunologically compromised individuals, such as people
with AIDS or those undergoing corticosteroid therapy (4, 11,
20, 21, 36). The fatality rate among infected individuals is
about 25% (34). L. monocytogenes is a ubiquitous organism
that can be isolated from many sources (22, 41, 42) including
food (27), which is the major route of infection in humans.
Known outbreaks of listeriosis (16) have been linked to cheese,
milk, and coleslaw (16, 33). The largest recent outbreak, which
resulted in the deaths of 40 of the 103 to 250 infected people
(31), stemmed from contaminated cheese in Los Angeles in
1985 (14). In addition to large outbreaks of listeriosis, sporadic
listeriosis occurs nationwide (35) and appears to be a growing
public health menace.

Major factors in the recent ascent to prominence of L.
monocytogenes as a food-borne pathogen are undoubtedly its
abilities to grow vigorously at refrigerator temperatures and to
grow in osmotically stressful environments (5, 6, 37, 43) such as
salted foods and dry surfaces. In fact, there is evidence that it
may survive even on particles as dry as dust or flakes of organic
material (20). On the other hand, L. monocytogenes does not
compete well in mixed cultures and is susceptible to bacterio-
lysins. Food handling and storage practices, such as refrigera-
tion, that eliminate or suppress competitors therefore promote
the growth of listeria.

Since high osmolarity and low temperature are conditions
that favor L. monocytogenes over its competitors, the processes
of osmotic adaptation and low temperature adaptation are
crucial to its importance as a food-borne pathogen. One
mechanism of osmotic stress adaptation commonly found in
bacteria involves intracellular accumulation of organic com-
pounds called osmolytes (3, 7, 8, 18, 46), which contribute to a
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counterbalancing osmotic pressure. Osmolytes are often
termed compatible solutes because they do not produce ad-
verse effects upon protein structure and solubility, protein-
protein interactions, enzyme-substrate interactions, or protein-
nucleic acid interactions, as would high concentrations of
inorganic salts (18, 46). Hence, intracellular accumulation of
osmolytes, which can occur either by de novo synthesis or by
transport from the growth medium, confers tolerance to
hyperosmotic stress.

Bacterial adaptation to low temperature, herein termed chill
stress, is poorly understood. It is thought to involve modifica-
tion of membrane lipid composition for the purpose of main-
taining optimum membrane fluidity in a process called homeo-
viscous adaptation (12, 30). However, adaptation to low
temperature involves changes in cellular components other
than lipids. Cold-inducible proteins of unknown function are
known to be expressed in Escherichia coli (13) and almost
certainly in other organisms as well. In addition, cold intoler-
ance is caused in some organisms by the presence of cold-
sensitive enzymes (for an example, see reference 9). In bacteria
in which enzyme stability sets the lower limit of growth
temperature, cryotolerance could be conferred by the intracel-
lular accumulation of protein-stabilizing molecules, such as
osmolytes. This possibility suggests a relationship between
psychrotrophy and osmotic tolerance. Here, we report the
results of our investigation of this relationship in the osmoti-
cally tolerant psychrotroph L. monocytogenes.

MATERIALS AND METHODS

L. monocytogenes Scott A was maintained on Trypticase-soy
agar slants. Brain heart infusion (BHI; Difco) broth was used
as rich medium. When defined medium was required, the
medium described by Pine and coworkers (25, 26) minus
choline and plus 0.5% glucose (modified Pine’s medium) was
used. Cell density was determined by turbidity with a Klett-
Summerson colorimeter with a green (no. 54) filter.
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Salt and cold tolerance on solid'medium were determined by
using agar plates that contained modified Pine’s medium plus
1.5% agar and 4% NaCl with or without 130 wM glycine
betaine. Inocula were grown in BHI broth; the cultures were
centrifuged at 5,000 X g for 10 min, resuspended in modified
Pine’s medium, and diluted 1:10° in modified Pine’s medium,
and 0.1 ml of the cell suspension was spread on the plates.

Determination of osmolytes in L. monocytogenes. Inocula
were grown in BHI broth and inoculated (1%) into BHI broth
with or without 8% NaCl. The cultures were grown at the
desired temperature (4 or 30°C) until late log phase (95 to 185
Klett units) and then harvested by centrifugation at 5,800 X g
for 15 min. The pelleted cells were extracted with perchloric
acid, and the resulting extracts were submitted to natural
abundance '*C nuclear magnetic resonance (NMR) spectros-
copy as previously described (38, 39). Concentrations of os-
molytes were determined by comparison of resonance intensi-
ties to that of 50 mM alanine, which was added as a standard
and the concentration of which was verified by amino acid
analysis. Amounts of solutes were normalized to the total
cellular protein, which was determined by the method of Lowry
et al. (19). Intracellular concentrations were calculated by
using the water-accessible cytoplasmic volume as reported by
Patchett et al. (23).

Measurement of glycine betaine uptake rates in salt- and
cold-adapted cells. L. monocytogenes grown in BHI broth was
centrifuged at 5,000 X g for 10 min, resuspended in modified
Pine’s medium, and grown at 30°C. This culture was used to
inoculate (1%) fresh modified Pine’s medium with and without
NaCl, as needed, and incubated at the desired temperature.
Aliquots of the culture at late log phase were transferred to
culture tubes, and 120 uM [**C]glycine betaine (0.02 to 0.05
nCi) was added to determine uptake. At four time points
during the linear portion of the reaction, 0.5 ml of the assay
mixture was filtered through a 0.44-pm-pore-siz¢ membrane
(Millipore). The filter was rinsed with medium identical to the
growth medium but lacking radioactivity and submitted to
liquid scintillation counting in Scintiverse I fluid (Fisher).
Uptake rates were normalized to total cellular protein (19). To
screen for inhibition of glycine betaine uptake by various
betaine analogs and related compounds, transport was mea-
sured in the presence of the putative inhibitors at 5 mM, with
a glycine betaine concentration of 120 pM.

Observation of transport in osmotically upshocked and
cold-shocked cells. L. monocytogenes grown in BHI liquid
medium was transferred (1%) to modified Pine’s medium and
grown at 30°C. This culture was diluted into modified Pine’s
medium containing 120 uM [*“C]glycine betaine, and portions
were withdrawn, filtered, and counted as described above at
various times to determine the rate of uptake. For osmotic
upshock experiments, the culture was divided in two, medium
containing concentrated NaCl was added to one sample to
bring the concentration to 4% NaCl, and the uptake rate was
determined. For cold-shock experiments, a portion of the
culture was quickly cooled to 7°C and uptake was measured.
Before the temperature was decreased (0 to 60 min) the
culture grew with a doubling time of 2 h, which accounts for the
apparent increase in uptake during that time. Both osmotic-
shock and cold-shock experiments were also performed in the
presence of 20 and 100 pg of chloramphenicol per ml after a
2-h incubation with the antibiotic.

Determination of kinetic parameters of glycine betaine
uptake. Each uptake rate was measured as described above in
modified Pine’s medium at glycine betaine concentrations
between 2 and 30 pM at 2-min intervals for 6 min. For
experiments at 30°C, cultures were grown to ~80 Klett units
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TABLE 1. Osmolytes of stressed L. monocytogenes grown in
rich medium

Intracellular concn of osmolyte (mM) at indicated temp
and salt level”

Osmolyte
30°C, no 30°C, +8% 4°C, no 4°C, +8%
added NaCl NaCl added NaCl NaCl
Glycine betaine 65 1,300 310 1,800
Glutamate 200 640 350 430
Carnitine 120 <100 430 <75

“ Errors due to noise and loss of sample during workup are 20% or less.

and then diluted in fresh growth medium to 15 to 20 Klett units
in order obtain uptake rates in a measurable range. For
experiments at 7°C, cultures were grown to 90 Klett units and
used without dilution. Kinetic parameters were determined
from weighted Lineweaver-Burk plots.

RESULTS

Osmotic adaptation by L. monocytogenes. The mechanism of
osmotic adaptation in L. monocytogenes was investigated by
first determining which, if any, osmolytes are accumulated
intracellularly in response to salt stress. Perchloric acid extracts
of L. monocytogenes cultures grown at 30°C in rich medium
(BHI) containing 8% NaCl or no added salt were examined by
using natural abundance '*C NMR spectroscopy (39). Glycine
betaine, one of the more common and most effective osmolytes
found in nature (46), was the dominant osmolyte in salt-
stressed cells, its concentration increasing by 20-fold over that
in unstressed cells (Table 1). >C NMR spectra of the growth
medium indicated the presence of glycine betaine (data not
shown), suggesting that intracellular accumulation occurred by
transport. The only other major osmolyte observed in extracts
of salt-stressed cells was the common metabolite glutamate,
which increased by 3.2-fold over that found in extracts of
unstressed cells. Carnitine, which was observed in extracts of
unstressed cells, was reduced slightly in salt-stressed cells.

To determine whether glycine betaine confers osmotic tol-
erance to cells growing on a solid (i.e., food-like) surface, 1.5%
agar plates containing modified Pinie’s medium plus 4% NaCl
with or without 130 wM glycine betaine were inoculated. After
incubation for 36 h at 30°C, about 200 colonies of 1 to 2 mm in
diameter were present on plates containing glycine betaine
(data not shown), whereas no colonies were visible on plates
that did not contain glycine betaine. The presence of glycine
betaine in solid medium conferred osmotic tolerance. Though
admittedly less relevant to solid foods, the effect of glycine
betaine on stressed cells in liquid medium was also examined.
Growth rates of cultures were determined by measuring tur-
bidity in modified Pine’s medium in the presence and absence
of salt stress with and without glycine betaine. These experi-
ments demonstrated that exogenous glycine betaine enhanced
the growth of stressed cells but not of unstressed cells (Table
2). The rate was increased by more than 10-fold at 8% NaCl
compared with that for unstressed cells.

Since glycine betaine accumulates intracellularly only when
it is supplied in the growth medium, its accumulation must
occur via transport rather than by synthesis. The question of
osmotic regulation of glycine betaine transport was addressed
directly by measuring the uptake of [**Clglycine betaine (24).
Results of uptake measurements demonstrated that the rate of
glycine betaine transport was stimulated by the presence of salt
in the growth medium (Fig. 1A). Maximal stimulation was
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TABLE 2. Enhancement of growth of stressed L. monocytogenes by
exogenous glycine betaine in modified Pine’s liquid medium

Growth rate (h~!) (mean + SD) at

Temperature NaCl indicated GB* level Fold acti-
0 * N addiion of 130, 1 G vation”
30 0 0.35 = 0.02 035+0 1
2 0.22 + 0.01 0.26 = 0.01 12
4 0.13 + 0.01 0.17 = 0.03 1.3
8 0.0080 + 0.0003 0.09 + 0.01 11
7 0 0.027 = 0.001 0.033 + 0.003 1.2
2 0.020 + 0.001 0.030 + 0.005 15
4 — 0.014 = 0.001 >3.5
4 0 0.008 = 0 0.014 + 0.001 1.8
2 —d 0.0057 = 0.0001 Large

“ GB, glycine betaine.

b Ratio of growth rate with 130 uM glycine betaine to growth rate without
added glycine betaine.

€ Not all cultures grew under these conditions. When growth was observed,
growth rates were approximately 4 X 1073 h~1.

4 No growth in 40 days.

observed at about 4% NaCl, at which concentration the uptake
rate was about 200 times faster than that observed in the
absence of salt.

This increase in activity could have arisen either from
activation of a constitutive enzyme or from increased synthesis
of the transport system. To determine which mechanism of
control is responsible for the increased uptake, cells grown in
modified Pine’s medium lacking betaine and without added
salt were subjected to osmotic upshock in the presence of
glycine betaine. Within 2 min after upshock, the cells showed
a rapid increase in uptake rate (Fig. 2A) and reached a
maximum rate within about 4 min. In separate experiments,
cells were incubated for 2 h with either 20 or 100 pg of
chloramphenicol per ml and then subjected to hyperosmotic
shock. The uptake exhibited by these cells in the presence of
the antibiotic was indistinguishable from that of untreated cells
(data not shown), indicating that the stimulation of transport
results from activation rather than from induction of the
transport protein. However, the rate of uptake observed in
hyperosmotic shock experiments was about 40% of that ob-
served in cells grown under salt stress for several generations.
It is thus possible that some induction does occur, although
other adaptive changes that could alter the transport rate
might take place in cells grown under stress.

Cold adaptation in L. monocytogenes. More intriguing than
the osmotic tolerance exhibited by L. monocytogenes is its
ability to grow at low temperature. Cryoprotection by the
accumulation of osmotically active solutes has been reported in
overwintering insects (40), in an intertidal mollusc (17), and in
plants (1). Considering the ability of L. monocytogenes to thrive
in the cold, it was of interest to determine if it also accumulates
compatible solutes at low temperature. >*C NMR spectra of
perchloric acid extracts of cells grown in BHI broth at 30 and
4°C showed that the glycine betaine concentration was 4.7
times higher at 4 than at 30°C, while glutamate levels increased
by less than twofold (Table 1).

To determine if accumulation of glycine betaine confers chill
tolerance, agar plates containing modified Pine’s medium with
and without glycine betaine were inoculated and incubated at
7°C. After 32 days, numerous colonies (>100) were visible on
plates containing glycine betaine (data not shown), whereas no
colonies were visible in the absence of glycine betaine, indicat-
ing that glycine betaine stimulated growth at low temperature.
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FIG. 1. Regulation of transport of glycine betaine by salt concen-
tration and by temperature. Uptake of ['*C]glyeine betaine (y axes)
was measured as described in the text. (A) Cells grown at 30°C in
modified Pine’s medium containing the salt concentrations indicated
were assayed in the same medium; (B) cells grown in modified Pine’s
medium at the temperatures indicated were assayed at those temper-
atures. Uptake rates are normalized to total cellular protein.

In modified Pine’s medium, growth rate experiments at 4, 7,
and 30°C with and without glycine betaine showed that glycine
betaine increased the growth rate by a factor of nearly two at
4°C (Table 2).

To determine the mechanism of glycine betaine accumula-
tion in chill-stressed L. monocytogenes, uptake of [**C]glycine
betaine was measured. The rate of glycine betaine transport
was unequivocally stimulated by low temperature (Fig. 1B).
Maximal stimulation occurred at about 7°C, at which temper-
ature the rate was about 15-fold higher than that observed at
30°C.

Whether the increased glycine betaine transport was medi-
ated by biochemical activation or by induction of the transport
protein was tested using a temperature jump experiment. A
shift in the temperature of cells grown at 30°C to 7°C caused
rapid stimulation of transport activity within 5 min (Fig. 2B).
When cells were incubated for 2 h at 30°C with 20 or 100 p.g of
chloramphenicol per ml and then chilled, the appearance of
transport activity (not shown) was the same as that for
untreated cells. Protein synthesis is therefore not required for
transport. As in the case of osmotic upshock, the transport
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FIG. 2. Stimulation of glycine betaine transport by osmotic up-
shock and temperature downshock. (A) Glycine betaine transport
after osmotic upshock in modified Pine’s medium. The culture was
divided in two, and medium containing concentrated NaCl was added
to one sample to bring the concentration to 4% NaCl at the time
shown by the solid arrow. Transport was measured for both stressed
(@) and unstressed (O) cultures. (B) Glycine betaine transport after
temperature decrease in modified Pine’s medium. After incubation at
30°C (O), a portion of the culture was quickly cooled (solid arrow) to
7°C (@). At the time shown by the open arrow, a portion of the chilled
sample was warmed back to 30°C (O). Raw data are shown, uncor-
rected for cell density. Before the temperature was decreased (0 to 60
min), the culture grew with a doubling time of 2 h, which accounts for
the apparent increase in uptake during that time.

rates observed after temperature downshock were about 30%
lower than in cells actually grown at low temperature, suggest-
ing either that a modest degree of inducibility exists or that
other slower adaptation processes facilitate transport of gly-
cine betaine in cells that have been held at low temperature.
When the temperature was raised to 30°C, the transport
subsided and some radioactivity was lost from the cell (Fig.
2B), indicating that glycine betaine can readily be disposed of
when the cell is not under chill stress. Thus, both activation and
deactivation of transport are effected by temperature changes.

Kinetic parameters of glycine betaine transport. A kinetic
analysis of the salt-activated and cold-activated glycine betaine
transport systems yielded the Michaelis constants and maxi-
mum velocities shown in Table 3. The K,, values for salt-
activated and chill-activated transport were both approxi-
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TABLE 3. Kinetics of salt- and cold-induced glycine
betaine transport”

K, (1M Vmax (nmol of GB/

Conditions® min - mg of cellular
GB) protein)
30°C, +4% NaCl 8.1+34 132 + 2¢
7°C, no NaCl 6.6 £ 0.1 29 +£1
7°C, +4% NaCl 22 +05 23 =1

“ Abbreviations: GB, glycine betaine; V,,,,, maximum rate of transport.
Reported errors are standard errors of at least two experiments, each run in
duplicate.

b Reliable values could not be determined in the absence of salt and chill stress
because uptake was very slow (Fig. 1) and growth rates were fast (Table 2).

¢ This value represents the uptake rate immediately after dilution of cells; the
uptake rate, hence the V,,,, increased by more than a factor of two even when
corrected for cell growth during the 2 h after cell dilution. For measurement of
cold-activated uptake, dilution of the cultures was not required to obtain a
conveniently measured rate; the rate did not change with time.

mately 7 uM, suggesting that the two transport activities may
be the same system. However, because the Michaelis constants
are obtained under significantly different conditions (one
activity must be measured at high ionic strength and the other
at low temperature), they are not strictly comparable. Michae-
lis constants for cells grown and assayed under both stresses
(7°C and 4% NaCl; Table 3) were also determined. The
Michaelis constant was not decidedly different from those
obtained for either stress alone. The maximum velocity was
much lower than that for salt-activated transport and similar to
that obtained at 7°C without added salt. This observation
shows that the lower temperature can reduce the maximum
velocity of salt-activated transport and that the difference in
maximum velocities does not necessarily imply that the two
transport activities are different.

DISCUSSION

We have observed that glycine betaine plays a critical role in
osmotic and chill adaptation in L. monocytogenes. Our results
can be compared to those obtained in other, well-studied
microorganisms. E. coli, for example, has two glycine betaine
transport systems, the products of the proP and proU loci. The
ProP protein is activated by osmotic stress, as is the betaine
transporter in listeria. But ProP is also weakly inducible over
constitutive levels by hyperosmotic and nutritional stress. The
ProU protein, however, is strongly inducible by hyperosmotic
stress (8, 45) and is thought to function primarily in osmotic
adaptation. In the gram-positive organism Staphylococcus au-
reus, one (2, 10) or two (28) glycine betaine transport systems
have been found. When two transport systems were observed,
they were distinguished by their affinities for glycine betaine,
maximum velocities, and inducibility. The low-affinity system
was inducible by osmotic pressure and the high-affinity system
was inducible by glycine betaine itself (28), suggesting that the
low-affinity system plays a role in osmotic adaptation. In
contrast, the glycine betaine transport system of L. monocyto-
genes, also a gram-positive organism, is constitutive or, at most,
weakly induced by NaCl in the medium.

Several of the observations reported here are particularly
noteworthy. This is the first demonstration that glycine betaine
confers chill tolerance in a bacterium. It is also unusual that
stimulation of glycine betaine transport does not appear to
involve significant induction at the genetic level in L. monocy-
togenes.

It is especially remarkable that active transport of glycine
betaine is stimulated by cold. It is possible that stimulation of
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TABLE 4. Inhibition of glycine betaine transport by betaine
analogs and related compounds

Inhibition (%) under indicated conditions®

Added compound

30°C, 4% 7°C, no 7°C, 4%
NaCl added NaCl NaCl
Dimethylglycine 55 15+2 20+ 11
Sarcosine 43+ 5 19 + 4 19+4
Trigonelline 57«1 7+5 13+2
Choline 11+4 0 0
Proline 9+5 0 10+3
Trimethylamine 0 0 0

 Inhibition was measured at 120 pM glycine betaine and 5 mM inhibitor.
Errors represent deviations from the mean of two experiments.

glycine betaine accumulation such as that shown in Fig. 2 could
occur by inhibition of efflux relative to uptake rather than by
stimulation of uptake alone. However, the initial rate experi-
ments used to determine kinetic parameters (Table 3) were
initiated by the addition of labelled glycine betaine. The
reaction therefore contains no significant contribution from
efflux, because there is essentially no labelled glycine betaine to
be exported during initial rate measurements.

The stimulation of active transport by cold is enigmatic,
because low temperature is expected to impede membrane-
related processes. In fact, this transmembrane transport pro-
cess occurs at a temperature at which many biomembranes
exist in the gel phase. The mechanism of cold activation of
glycine betaine transport may involve changes in hydrophobic
interactions among membrane proteins or between proteins
and the membrane, because hydrophobic interactions are
weakened at lower temperature.

Some organisms that are able to adapt to low temperatures
maintain membrane fluidity by adjusting the composition of
their membrane lipids (15, 30). Although L. monocytogenes
may alter its membrane composition depending on the tem-
perature at which it is grown, such adjustments would be too
slow to play a role in the activation of glycine betaine transport
observed in the temperature downshock experiments. How-
ever, differences in membrane composition resulting from
long-term adaptation may account for the small increase in the
rate of glycine betaine transport in cultures grown under cold
or salt stress compared with those observed in cold-shock and
osmotic-upshock experiments. Growth experiments involving
either salt stress or cold stress yielded long lag phases (data not
shown) which were shortened by up to 50% by glycine betaine.
It is possible that other adaptation processes occur during this
lag phase and that intracellular glycine betaine somehow
facilitates them or protects the cellular machinery while they
occur.

The exact mechanism by which glycine betaine acts as a
cryoprotectant is unknown. However, betaine is considered to
be a stabilizing or “salting-in” agent (46) and may function to
prevent aggregation and maintain the solubility of cellular
proteins or to alter the physical properties of the cell mem-
brane (29). Osmotic stress also appears to alter membrane
phase behavior (32, 44), and glycine betaine may combat both
osmotic and chill stress on the membrane by a similar mech-
anism.

The results of inhibition experiments (Table 4) can not be
used to determine whether the salt-activated and cold-acti-
vated transport systems are different. Although none of the
inhibitors tested was particularly good, those effective against
one system also tended to inhibit the other. Differences in the
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assay conditions (i.e., temperature and NaCl concentration)
could alter the ratio between K,,, for glycine betaine and K; for
the inhibitor enough to explain the discrepancies in the
observed inhibition, assuming competitive inhibition. The rel-
atively small degree of inhibition, even by the close analogs
N-methylglycine (sarcosine), N,N-dimethylglycine, and choline
and even at the high ratio of inhibitor to substrate, indicates
high specificity of the binding site for glycine betaine. We are
currently screening other possible inhibitors of this transport
system as a strategy aimed at reducing the danger of food-
borne listeriosis.
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